The pyrolytic conversion of pine wood at mild temperatures between 2008C and 3008C was investigated by transmission electron microscopy (TEM). Based on TEM imaging and image analysis, a novel method was developed for determining the local orientation of the cellulose microfibrils in the secondary wall S2 which gives a measure for the progression of pyrolytic conversion of the cell wall. Elemental composition of pyrolysed specimens was determined up to 6008C. TEM imaging together with the evaluation of the elemental composition shows that first the polyoses are degraded, while the cellulose microfibril orientation is still visible up to 2258C. The cellulose microfibrils could not be observed at temperatures higher than 2508C, while lignin containing compound middle lamella (CML) was still visible. After a gradual decrease of the CML up to 2758C, the cell wall became entirely isotropic beginning at 3008C. Based on the presented results, we propose an early degradation of the supramolecular structure of the cell wall.
Introduction
Knowledge of the pyrolytic transformation of wood is substantial, among other things, to understand and to control the carbon production (Meier and Faix 1999; Antal and Gronli 2003) . Wood derived carbons are of special interest as cellular templates for manufacturing novel ceramic materials with improved properties (Byrne and Nagle 1997b; Greil et al. 1998; Greil 2001) . The replication of the original wood structure into the ceramic material has gained special attention for advanced materials manufacturing Sieber 2004, 2005) .
Wood is a hierarchically structured biopolymer composed of partly crystalline cellulose microfibrils embedded in a matrix of polyoses and lignin which are arranged in several principal cell wall layers (Kollmann 1968; Fengel and Wegener 1984) . During carbon production, the structure and chemical composition of the cell wall might directly affect the degrees of alignment and growth of developing graphene layers, i.e., the specific structural level of the cell wall and the carbonised material are closely related to each other (Paris et al. 2005) . According to theoretical considerations, the orientation of cellulose microfibrils in the cell wall influences the graphene layer orientation in the carbon material. This theory has never been experimentally validated hitherto. However, the decomposition of the biopolymers in the wood cell wall during pyrolytic conversion (Gomé z Diá z et al. 2007 ; Mé szá ros et al. 2007 ) and the subsequent structural development of the carbonaceous material has been investigated (Byrne and Nagle 1997a; Hata 1999; Kim et al. 2001; Hata et al. 2004; Paris et al. 2005; Zickler et al. 2006; Ishimaru et al. 2007b) .
The present study is focused on the visualisation of the cell wall during wood pyrolysis at temperatures between 2008C and 3008C by transmission electron microscopy (TEM), which has not been described so far. Imaging of the cell wall by TEM is a powerful tool for the investigation of ultrastructural changes (Sugiyama et al. 1986 ). In an early study, Fengel (1978) measured a rather broad distribution of fibril diameters in delignified spruce with high statistical accuracy from TEM images. Optical diffraction methods and image analysis of cellulose protofibrils provided structural information on orientation and texture of fibrils (Tsuji and Manely 1984) . In a successive study, digital correlation methods were applied for measuring the lateral distance between two streaks in the diffraction pattern to determine the interfibrillar distance of the cellulose fibrils (Tsuji and Manely 1986) . TEM images can be recorded digitally or are digitised from a bright field micrograph. These data are subsequently Fourier transformed and digitally evaluated (Buseck et al. 1988) . Jakob et al. (1995) subjected TEM micrographs to a fast Fourier transformation (FT) algorithm to evaluate size and arrangement of the cellulose microfibrils in original wood. The applied procedure corresponds to the wellknown optical diffraction technique. The digitally produced 'diffraction pattern' of an object -similar to an electron diffraction pattern -contains the distribution of the spatial frequencies present in this input object (Gorecki 1989 ). In our case, the textural elements in the TEM micrographs are the cellulose microfibrils in the secondary cell wall (S2) which are visible in tangential sections as streaks after contrasting with heavy metal ions, such as Pb II . The TEM micrographs from the S2 layer were converted into FT images.
The higher frequency observed in particular areas in the FT images can be taken as a measure for a distinct angular distribution of the streaks in the TEM micrographs. Because the streaks are directly correlated to the cellulose microfibrils, their orientation can be obtained from angular fitting of the FT images wtwo-dimensional (2D) Gauss fittingx. As a result, spatial frequency of orientation distribution was taken as a quantitative measure for the cellulose microfibril angle (MFA) as a function of the deviation from the growth direction. The evaluation of TEM images permitted the monitoring of the progress of thermal conversion. In this way, the progress of pyrolysis could be observed.
Materials and methods

Wood material and heat treatment
Scots pine (Pinus sylvestris L.) samples with dimensions of 10=25=25 mm 3 (axial=rad.=tang.) were extracted in a Soxhlet apparatus: first with toluene:ethanol (2:1 v/v) for 12 h and subsequently with ethanol for 12 h. Then, a hot water extraction followed for 6 h to decrease the content of inorganic matter and to minimise their influence on the pyrolytic behaviour. The extracted samples were dried at 1058C for 12 h. Subsequently, the samples were weighed and their dimensions were determined. The samples were placed in a furnace (Heraeus, type K1251) equipped with an alumina (Al 2 O 3 ) tube continuously flushed with nitrogen. Heat treatments were performed in the range from 2008C to 3008C in steps of 258C, and from 3508C to 6008C in steps of 508C. The temperatures were measured just above the samples with a thermocouple. The heating rate was 28C min -1 and the peak temperature was maintained for 2 h. The mass loss and the dimensional changes were determined at room temperature.
Elemental analysis
The elemental composition of selected samples was determined by an elemental analyser (CHN-O Rapid, Heraeus). The data of elemental analysis are given in atomic %.
TEM imaging and image analysis
Approximately 1-2 mm segments of heat treated wood samples were embedded in Spurr's epoxy resin (Spurr 1969) . Ultrathin sections with a thickness of 70-80 nm of the tangential planes of the wood samples were obtained with a diamond knife on an ultramicrotome (Reichert-Jung, Ultracut E) and stained for 10 min with 1.0% Pb II citrate solution. The ultrathin sections were transferred onto Cu-grids coated with the polymer Formvar ᮋ (Plano). Bright field micrographs were recorded on Kodak SO-163 emulsion in a TEM (Philips CM 30) operated at 200 kV. The TEM micrographs of the same magnification were selected and digitised with a commercial scanner (hp scanjet 7400c) with 600 dots per inch by transmitted light. Images with a size of 512=512 pixels were selected from the digitised TEM micrographs from the S2 region of the cell wall. A fast FT was performed on the digitised images by the Scion image software (beta 4.0.2, Scion Corporation). A 2D Gaussian fit of the FT images in a defined circular segment (inner radius: 60 pixels; outer radius: 160 pixels) over the whole angular range (08-3608) was performed (FIT 2D software, Andy Hammersley, ESRF, Grenoble) to determine the angular distribution of the spatial frequencies corresponding to cellulose microfibrils of the input micrographs. The measured angles from spatial frequency distributions of the 2D Gaussian fits were corrected according to the inclination angle of the growth direction with respect to the scanned TEM micrographs. The growth direction was distinctly defined in the TEM micrographs by the compound middle lamellae (CML) on the tangential sections. This procedure was performed on at least 15 FT images obtained from different regions in the S2 cell wall layer. A separate file was generated to correct the influence of the background and deviations from the Formvar ᮋ support film. That is, FT and 2D fit were performed on TEM micrographs taken in an area close to the edge of the cell wall within the ultrathin section. Thus, only spatial frequencies derived from the cellulose microfibril orientation in the FT images were evaluated.
Results and discussion
The total mass loss after heating the pine wood samples to 6008C accounted for 75%, and the anisotropic shrinkage in the various directions showed the expected values (axial 18%, radial 29%, tangential 33%, Fengel and Wegener 1984) . The main mass loss and shrinkage occurred between 2008C and 4008C. The C, H, and O contents were nearly unchanged up to 2508C (Figure 1a) . However, at 3008C the C value increased from 33.9% to 48.5%, while the H and O contents decreased from 46.0% to 39.5% and from 20.0% to 11.8%, respectively. Later on, the C content rose to 63.3% and the H content decreased to 30.6%, while O was diminished to 6.1% at 5008C. The pine wood samples still contain substantial amounts of hydrogen and oxygen after pyrolysis at 6008C. The H/C atomic ratio is steadily diminished from 1.5 to 0.5 between 2008C and 5008C (Figure 1b, van Krevelen 1950) , while the O/C atomic ratio decreased from 0.7 to 0.1. At temperatures higher than 3008C, the fast decrease of the H/C and the O/C ratios slowed down. Our data for lower temperatures complement the values for temperatures higher than 6008C previously published by Ishimaru et al. (2007a) .
The thermal degradation of the cell wall up to a temperature of 3008C was investigated by TEM (Figure 2) . The typical appearance of a tangential section of an original softwood cell wall stained with Pb II citrate is shown in Figure 2a . The lignin rich middle lamella and the two bordering primary walls are hardly discernible from each other. Together, they form the CML, which is visible as a dark layer. The adjacent secondary wall S1 is brightest due to the much lower lignin content. A change in cellulose microfibril direction indicates the transition between S1 and S2 accompanied by an increase in lignin concentration (Fromm et al. 2003) . In the S2 the cellulose microfibrils form numerous layers with helical orientations and different helical pitches. The orientation of the cellulose microfibrils is characterised by the MFA which are usually between 08 and 308 (Lichtenegger et al. 1999 ). Their orientation is clearly visible from the dark stained streaks in the TEM micrographs.
Hitherto, the distribution of the angular orientation of the cellulose microfibrils in the wood cell was not evaluated. In the present paper, image analysis permitted this type of quantitative evaluation. The obtained FT images revealed two broad frequency distributions nearly perpendicular to the growth direction (see insets in Figure  2a -c). The observed spatial frequencies are a direct measure for the distance between two neighbouring streaks in the input images, i.e., the orientation of cellu- lose microfibrils. The resulting averaged angular distribution of fitted intensities was plotted with respect to the growth axis (Figure 2a) . The subsequently applied curve fit showed a maximum at 78 wfull width at half maximum (FWHM): 158x, which corresponded particularly well to the general orientation of the cellulose microfibrils in the S2 in softwoods (Fengel and Wegener 1984) .
The TEM micrographs taken from a cell wall section of wood treated at 2008C showed in principle the same structural features as the original cell wall in the CML, the S1, and the S2 (Figure 2b ). The 2D Gaussian fit of the derived FT images yielded an angular distribution plot, where the fitted curve displays a maximum at an inclination angle of 48 (FWHM: 458). The distribution of the angular orientation of the cellulose microfibrils appears broadened due to the beginning degradation of the polyoses. The additional free space created by degra- dation might be filled with the remaining cellulose fraction yielding a limited reorientation of the microfibrils. The basic structural features, such as the CML, the S1, and S2 were still observed up to 2258C (Figure 2c ). The measured spatial frequency distribution was substantially increased to a FWHM of 528. The peak maximum was shifted to an inclination angle of 368. The orientation distribution of the cellulose microfibrils is now very broad due to the beginning degradation of the cellulose and proceeding decay of the polyoses.
The image contrast from the CML in the TEM micrographs was diminished after heating to 2508C (Figure 2d) . Fading of the CML was even more pronounced at 2758C, where it was only visible as a thin band between two cells (Figure 2e ). The width of the CML decreased from ;400 nm (original wood) to ;200 nm at 2508C and to ;100 nm at 2758C. The observed contrast in the images from staining indicates that part of the original wood structure was still maintained. This is not valid for the cellulose microfibrils, because the evaluation of the FT images from the cell walls and 2D Gaussian fits resulted in a straight line. A distinct angular frequency distribution could not be observed any longer at 2758C. Rather, a broad ring pattern in the FT images obtained from wood treated at 3008C indicates a pronounced isotropy with a homogeneous and disordered cell wall structure ( Figure  2f ). There are no discernible structural features derived from the secondary wall. The former CML could not be identified, only an extremely faint line was present in some cases. The contrast in the TEM was low and uniform probably due to the lack of staining sites for the Pb II ions. As a consequence, the FT images from digitised micrographs exhibited a uniform appearance without any frequency distribution or ring patterns. This indicates a complete loss of structure, even short range orders are missing. The cell wall structure is apparently fully disordered down to the molecular level. Similar observations are described by Paris et al. (2005) . The sudden change between the presence of well oriented and disordered structural elements in the cell wall is remarkable. There are at least two interpretation possibilities for this observation:
1) The first one is presented in Figure 3 . Four different stages of the ultrastructural development during thermal treatment of the softwood cell wall are depicted. a) From 258C to 2008C: no ultrastructural changes of the original cell wall (Figure 3a) . b) Up to 2258C: partly depolymerisation of the polyoses and increased disorder of the cellulose microfibrils occur. The lignin rich CML remained optically nearly unchanged (Figure 3b ). c) From 2508C to 2758C: the crystallite size declines (Zickler et al. 2007 ) and this is accompanied by an iso-orientation of the cellulose microfibrils (loosing their preferred orientation with a specific MFA) and the CML is also decomposed ( Figure  3c ). d) 3008C: amorphisation of the cell wall proceeds to a disintegrated and fully random structure (Figure 3d) .
2) It is also possible that the heavy (non-volatile) tars formed in early stages of pyrolysis (around 2508C and 3008C) mask the remaining cellulosic structures so that they are not visible by TEM. It is well known from differential thermogravimetry analysis (DTA) that dehydration and splitting of functional groups, which is readily perceptible by the emission of fragments with low molecular masses (volatiles) in thermogravimetry/mass spectrometry studies, are the predominant reactions up to 2508C and 2708C (Gomé z Diá z et al. 2007; Mé szá ros et al. 2007) . A detectable shoulder at 3008C in the DTA indicates the beginning of a vehement splitting of all essential chemical bonds and a total rearrangement of the organic material to a carbonaceous one accompanied by the formation of heavy tars. Consequently, the formed tars might cover the remaining microfibrillar cellulose increasing the apparent homogenisation of the cell wall. Kim et al. (2001) proposed first models on the thermally induced decomposition of cellulose microfibrils in wood including reduction of crystallinity (cellulose decomposition) along the fibre axis and rapid decomposition of individual microfibrils, while others are still intact. Recently, Zickler et al. (2007) anticipated another model involving degradation starting from the equatorial surfaces of the cellulose crystallites, where initial decomposition should occur at the boundaries between the cellulose microfibrils and the polyoses. However, EM studies on wood treated at mild temperatures are scarce in the literature.
Only a few TEM studies were dedicated to the analysis of carbonised wood and the thermally induced structural evolution of the original wood cell wall obtained at temperatures exceeding 6008C (Hata et al. 2000 , Hata et al. 2004 Ishimaru et al. 2007b) .
It is well known that the polyoses surrounding the cellulose microfibrils are denaturated by scission of functional groups above 2008C. Potentially, the paracrystalline (amorphous) parts of the cellulose are also degraded early to a certain degree. The decomposition of polyoses and cellulose is clearly separated in the case of the wood according to kinetic pyrolysis investigation by Mé szá ros et al. (2007) . The free volume created by polyoses degradation can be refilled by the remaining microfibrils due to their increased mobility. Non-volatile tars are also formed at this stage which can fill up the additional space as well. However, the microfibrils in the temperature treated wood appear less oriented and less visible -possibly due to a cover with non-volatile tarsthan in the original wood as shown by strong broadening of the orientation distribution (FT) in Figure 2c . The resulting microfibril fragments have larger MFA. With increasing temperatures, the crystalline part of the cellulose is also degraded by various mechanisms (Zickler et al. 2007 ) which finally leads to a complete loss of detectable orientation.
The CML is still present at elevated temperatures because lignin degrades at higher temperatures than the polyoses (Fengel and Wegener 1984) . Infrared spectroscopy reveals (Zollfrank and Paris 2003 ) that residual, oligomeric fragments of the cellulose microfibrils were still present at 2758C, but in an iso-oriented state ( Figure  2e ). These remaining structures can possibly be covered by heavy tars obscuring their detection in the TEM. However, the original cell wall becomes completely structureless at 3008C (Figure 2f) , as was already proposed by Paris et al. (2005) . Since amorphous compounds, such as the developed heavy tars, do not contribute to X-ray diffraction, possible masking effects from non-volatiles are less probable at this stage.
Conclusions
Based on TEM micrographs and their novel quantitative image analysis, the pyrolytic conversion of pine wood was investigated at temperatures between 2008C and 3008C. Two essential stages concerning the ultrastructural development in the cell wall could be detected: 1) a preferable degradation of polyoses and the paracrystalline moiety of cellulose and modification of lignin, and 2) transformation of the cell wall into a disordered, amorphous network formed of C, H, and O atoms. It is proposed that the apparently homogenised cell walls might consist of non-crystalline cellulosic fragments and nonvolatile tars from biopolymer degradation. TEM imaging indicates that the development of the substructures in wood-derived carbons are not necessarily closely related to the original ultrastructure of the wood. Full or partial orientation of developed graphene layers is consequently the result of an intrinsic process possibly driven by surface constraints within the cell wall layers. To our knowledge, the presented image analysis was used for the first time for the spatially resolved distribution analysis of cellulose microfibril orientation in thermally treated wood. Such studies are important for designing novel carbons based on wood or other biomass with a defined structure, e.g., graphitic and random oriented carbons.
